Introduction
Cathepsin K (CatK) has become a major therapeutic target for the treatment of bone loss from osteoporosis [1] , with potential for use in other diseases associated with bone resorption. The discovery of CatK, the predominant collagenase expressed in osteoclasts (OC), has revealed the significance of its inhibition of bone resorption via suppression of osteoclast activity. Multiple CatK inhibitors have been developed and have shown variable success in clinical trials to increase bone density and decrease pain [2] [3] [4] . Inhibitors of CatK, such as Odanacatib and VEL-0230/NC-2300, block the entire activity of CatK and can interfere with other signaling pathways known to be under the influence of CatK such as the innate immune response and inflammation [4] [5] [6] [7] . We have investigated the pharmacokinetics of a potent CatK inhibitor, VEL-0230, in healthy exercising horses for future therapeutic application in equine patients with osteo-inflammatory conditions [8] . Cathepsin K inhibition ameliorated the inflammatory response of equine bone marrow mononuclear cells stimulated by Toll like receptors (TLR) -4 and TLR-9 ligands in vitro along with evidence of suppressed bone resorption and increased bone formation in vivo due to repeated VEL-0230 administration in healthy exercising horses [9, 10] . The precise role of CatK in the
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Abstract
Selective inhibition of Cathepsin K (CatK) has a promising therapeutic potential for diseases associated with bone loss and osseous inflammation, such as osteoarthritis, periodontitis, and osteoporosis. In horses, stress-related bone injuries are common and accompanied by bone pain and inflammation resulting in excessive bone resorption and periostitis. VEL-0230 is a highly selective inhibitor of CatK that significantly decreased bone resorption and increased bone formation biomarkers. The goal of this study was to demonstrate the presence of CatK in equine bone and a simultaneous influence on the bone marrow cellular components including function and differentiation. Our objectives were: 1) to investigate the tissue localization of CatK protein in equine bone using immunohistochemistry, and 2) to determine the effect of CatK inhibition on osteoclastogenic, chondrogenic and osteogenic differentiation potential of equine stem and progenitor cells in vitro using histochemical staining and differentiation-related gene expression analyses. Bone biopsies, harvested from the tuber coxae and proximal phalanx of six healthy horses, were processed for immunostaining against CatK. Sternal bone marrow aspirates were cultured in 0, 1, 10, or 100 μM of VEL-0230 and subsequent staining scoring and gene expression analyses performed. All cells morphologically characterized as osteoclasts and moderate number of active bone lining osteoblasts stained positive for CatK. Histochemical staining and gene expression analyses revealed a significant increase in the osteoclastogenic, chondrogenic and osteogenic differentiation potential of equine bone marrow cells, which was VEL-0230-concentration dependent for the latter two. These results suggested that CatK inhibition may have anabolic effects on bone and cartilage regeneration that may be explained as a feedback response to CatK depletion. In conclusion, the use of CatK inhibition to reduce inflammation and associated bone resorption in equine osseous disorders may offer advantages to other therapeutics that would require further study.
immune system is unclear and maybe attributed, in part, to the location and tight integration between the bone and bone marrow. The latter constitutes the body reserve for immune, stem and progenitor cells.
Significant levels of CatK expression have been detected in osteoclasts, synovium, and chondrocytes of human and animal tissues [11] [12] [13] [14] . One study has also demonstrated significant CatK expression in osteocytes and osteoblasts of human decalcified bone sections [15] . Similarly, expression levels of CatK were detected in equine ex-vivo cartilage tissue and in osteoclast-like cells generated in vitro [16, 17] . However, CatK expression pattern in equine bone has not been studied, and may be relevant to equine bone and inflammatory diseases. Equine bone marrow serves as a source of mononuclear cells, growth factors and stem and progenitor cells. It has been used clinically to promote repair of musculoskeletal tissues including ligaments, tendons and articular cartilage regeneration [18] [19] [20] . Stem and progenitor cells differentiation has been found to share many pathways and common molecular regulatory factors with the immune system [21] [22] [23] [24] . Hence, we hypothesized that CatK inhibition in vitro, using VEL-0230 in concentrations similar to the ones which suppressed inflammation in stimulated equine bone marrow nucleated cells [9] , would significantly alter the differentiation potential of equine stem and progenitor cells along the three main cell lineage of the skeletal system, which may provide relevance into the effect of VEL-0230 on bone. 
Materials And Methods

Animals
Seven young horses (3-5 years), three females and four males, free from lameness and systemic disease based on physical examination, were used in this study. All experimental protocols were pre-approved by the Institutional Animal Care and Use Committee (IACUC) of the Ohio State University.
Bone biopsy
Biopsy samples were collected from six of the horses from the Tuber coxae (TC), a non-weight-bearing bone, and the proximal phalanx (P1), a weight-bearing bone, as previously described [10] . Horses were randomly assigned to left or right TC and forelimb P1.
Immunostaining of bone CatK
Cathepsin K was immunostained in representative sections of formalin-fixed decalcified TC and P1 bone specimens using a standard Biotin/streptavidin horseradish peroxidase method [25] . Paraffin sections were de-waxed through Xylene (Sigma-Aldrich, St. Louis, MO) and descending gradient of ethanol treatments. To reduce nonspecific binding, the tissue samples were treated with the avidin/biotin blocking kit per manufacturer's instructions (SP-2001, Vector Laboratories, Burlingame, CA), followed by three 5 minute washes with Phosphate buffered Saline (PBS). Bone CatK was then immunostained using a pre-validated Rabbit polyclonal CatK antibody (1:50) as a primary antibody (Biorbyt Ltd, Cambridgeshire, UK) with which samples were incubated at 4°C overnight followed by incubation for 30 minutes with biotinylated Goat anti-Rabbit immunoglobulins (Vector Laboratories, UK) as a secondary antibody. Bone samples were developed with a peroxidase substrate solution (NovaRED, Vector Laboratories, Burlingame, CA) for 10 minutes to stain CatK-positive osteoclasts. Slides were washed quickly in PBS to terminate the reaction, taped dry, counterstained with hematoxylin, taped dry, cover-slipped, and allowed to dry in the dark for 2 days. Three regions of interest (ROIs) within the trabecular bone of TC and P1 were analyzed under 200x magnification for determination of total number of osteoclasts, total number of bone lining osteoblasts, CatKpositive osteoclasts, CatK-positive bone lining (endosteal) osteoblasts and bone surface (BS) using Bioquant OSTEO software (Bioquant OSTEO 7.20.10; Bioquant Image Analysis Co.). The staining intensity of CatK-positive osteoclasts and osteoblasts was scored by a blinded evaluator (HH) as following: 0 (no staining), 1 (mild staining), 2 (moderate staining), 3 (marked staining). The average percentage of CatK-positive osteoclasts was calculated as (CatKpositive OC/total OC). In addition the average number of CatKpositive OC were quantified per bone surface (N.OC/mmBS).
Bone marrow aspiration and processing for cell differentiation assays
Sternal bone marrow was isolated from seven horses and processed according to the methods previously described [9] . The processed bone marrow concentrates from each horse was cultured in monolayer under four experimental conditions, in triplicate, of 0, 1, 10, or 100 μM of a CatK inhibitor (VEL-0230) (Freestride Therapeutics Inc., MI, USA) in culture media, to select both the adherent cells (bone marrow derived-mesenchymal stromal cells (BMD-MSCs) which were driven down the chondrogenic and osteogenic pathways) or the non-adherent fraction which was driven down the osteoclastogenic pathway.
Osteoclastogenic differentiation and staining assay
An aliquot of fresh concentrated bone marrow was cultured for six hours in 10% FBS supplemented DMEM, at approximately 1 X 10 7 cells/cm 2 in a 75 cm 2 culture flask, 37°C, 5% CO2. The nonadherent cells were driven to differentiate into equine osteoclast-like cells (OCLs); separated by centrifugation at 500 g, 4°C for 10 minutes and re-suspended in α-MEM, pH 7.2, supplemented with 10
rhRANKL (R&D Systems), 10 -8 M 1,25 dihydroxyvitamin D3 (vitamin D3, Affiniti Research Products, UK). Cells were plated at a density of 2.5X10 6 cells cm 2 in collagen-coated six well plates. Half the medium was replaced twice weekly. After 7 days, non-adherent cells were removed by trypsinization for 2 minutes. After 15 minutes of further trypsinization the remaining cells, which were enriched for OCLs, were collected by gentle scraping using a cell scraper and cytospins on poly-Llysine coated slides (Sigma, St Louis, MO) were performed. The cytospin preparations of OCLs were processed for TRAP staining using a commercial acid phosphatase leucocyte kit (Sigma, St Louis, MO) according to the manufacturer's protocol. The number of TRAP-positive multinucleated cells (≥ 3 nuclei) in five representative fields under 200X magnification was counted and averaged to determine the representative number of OCLs for each experimental condition.
Chondrogenic differentiation and staining assay
Bone marrow-derived MSCs, selected by adherence in monolayer culture of processed fresh bone marrow concentrates for up to 3 days, were isolated and differentiated to chondrocytes using Lonza® Poietics TM human mesenchymal stem cell media and modified protocol. Fifteen ml centrifuge tubes were used for chondrogenic induction, with 1 X 10 6 MSCs/tube to form a pellet. After induction for 21 days, pellets were removed and fixed by incubation in formalin for 24 hours. Formalin-fixed chondrocyte pellets were sectioned and stained for glycosaminoglycan with toluidine blue stain (Fisher scientific, USA) for 30 seconds and then washed briefly in tap water. The degree of cartilaginous extracellular matrix staining (purple color) was scored by a blinded evaluator (HH) in three microscopic fields under 200X magnification as: 0 (no staining), 1 (mild staining; < 30% of the microscopic field), 2 (moderate staining; 30-60%), 3 (marked staining; > 60%).
Osteogenic differentiation and staining assay
A fraction of the BMD-MSCs were differentiated to osteoblasts using Lonza® Poietics TM human mesenchymal stem cell media and modified protocol. A 6-well plate was used for osteogenic induction with 1 X 10 6 MSCs/well. Basal medium was used for the first 24 hours to allow adherence. Induction medium was changed every 3 days thereafter. The cells were analyzed after 28 days for deposition of calcium phosphate and calcium, in accordance with a von Kossa and alizarin red S staining protocols, respectively. In brief, the wells were washed twice with PBS solution and then fixed in phosphatebuffered 10% formalin for 10 minutes. The monolayers were then processed for von Kossa and alizarin red S staining. For von Kossa staining, cells were serially dehydrated in solutions of ethanol (70%, 95%, and 100%; 2 times for each concentration) and then allowed to air dry. Cells were then serially rehydrated in solutions of ethanol (100%, 95%, and 80%; 2 times for each concentration). Finally, cells were rehydrated in water twice. Silver nitrate solution (2%) was added, and the cells were exposed to sunlight for 20 to 40 minutes. The cells were then rinsed 2 times with water, and 5% sodium thiosulfate was added; cells were allowed to equilibrate for 3 minutes. Cells then were rinsed with water, and acid fuchsin counterstain (5 mL of 1% acid fuchsin with 95 mL of picric acid and 0.25 mL of 12N HCl) was added. After incubation for 5 minutes, the cells were washed with water (2 times), 95% ethanol, and 100% ethanol before image analysis by use of a viewing microscope where mineralized nodules were stained dark brown or black. For Alizarin red S staining, 2% alizarin red S (Sigma) was prepared in distilled water and the pH was adjusted to 4.1-4.3 using 0.5% ammonium hydroxide. Formalin-fixed osteogenic monolayers were washed, and stained with alizarin red S for 10-15 minutes. After removal of unincorporated excess dye with distilled water, the mineralized nodules were labeled as red spots. The degree of mineralized nodules staining with each stain was scored by a blinded evaluator (HH) in three microscopic fields under 20X magnification as following: 0 (no staining), 1 (mild staining; < 30% of the microscopic field), 2 (moderate staining; 30-60%), 3 (marked staining; > 60%).
Gene expression analyses
Total RNA was isolated using Guanidinium thiocyanate-phenolchloroform extraction method (TRIzol® and Chlorophorm; Invitrogen). Complimentary (c) DNA was generated from 1 μg total RNA using High Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions using MJ Research PTC-150 Thermal Cycler (MJ Research, USA). Relative gene expression analysis was performed using equine-specific custom primers (Primer3 software; Steve Rozen, Helen J. Skaletsky, 1998). Quantification of gene expression relevant to the osteoclastogenic, chondrogenic and osteogenic pathways using qRT-PCR was performed for all experimental conditions of the differentiation assays in a total volume of 50 μl using 96-well microwell plates, an ABI PRISM 7000 sequence detector and SYBR® Green PCR Master Mix (Applied BioSystems). Cycle threshold (Ct) values were obtained for all analyzed genes during log phase of the cycle and expression level was compared between different experimental conditions using 2-ΔΔ Ct. Non-induced cells were used as reference samples and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference housekeeping gene. Table ( 1) lists the corresponding forward and reverse nucleotides sequences for the primers used in the qRT-PCR.
Statistical analysis
The data was graphed as mean with standard deviation (SD), with the exception of the chondrogenic and osteogenic staining score data, which was graphed as median and interquartile range. All data were statistically analyzed using SPSS v.18.0 (IBM Corp., Armonk, NY, USA). Normality within the different variables was investigated using Shapiro-Wilk test. The comparison between the TC and P1 data was performed using paired sample student t test. Comparisons between different CatK inhibitor concentrations were performed using Friedman test for the chondrogenic and osteogenic staining scored data, and the one-way analysis of variance with repeated measures for all other data, followed by Duncan's Multiple Range Test. Significance was determined when P < 0.05. 
Results
CatK protein distribution in equine decalcified bone sections
All morphologically characterized osteoclasts stained positive for CatK in both TC and P1 trabecular bone and there was no difference in CatK staining intensity between the two bone types (data not shown). Figure 1A shows a microscopic image of Cathepsin Kpositive, multinucleated osteoclasts within the resorption pits. There was a significant increase in the number of CatK-positive osteoclasts per bone surface in the P1 compared to the TC trabecular bone data ( Figure 1B) . A moderate number of active bone lining osteoblasts stained CatK-positive. The percent of CatK-positive osteoblasts did not differ between trabecular bone of TC and P1, and were 65.4±7.4% and 62.6±6.2% of total bone lining osteoblasts, respectively. Figure 1C shows a microscopic image of CatK-positive osteoblasts. The staining intensity of CatK-positive osteoblasts did not differ between both bone types (data not shown).
Effect of CatK inhibition on osteoclastogenic potential of equine progenitor cells
The osteoclastogenic-induced cells of all four experimental conditions showed had varying numbers of TRAP-positive multinucleated OCLs (Figure 2A ). There was significant increase in the number of TRAP-positive multinucleated OCLs due to CatK inhibition at VEL-0230 concentration of 100 μM compared to the other 3 experimental conditions ( Figure 2B ). Gene expression analysis revealed increases in relative CatK and RANKL gene expression at 100 μM concentration, and in relative TRAP gene expression at 10 and 100 μM concentration compared to the 0 concentration of VEL-0230 in culture media ( Figure 2C ).
Effect of CatK inhibition on chondrogenic potential of equine BMD-MSCs
The toluidine blue-stained sections of chondrogenic pellets showed production of glycosaminoglycan from chondrocytes ( Figure 3A ). There was a significant increase in toluidine blue staining score due to CatK inhibition at VEL-0230 concentration of 100 μM (P<0.05), compared to the other concentrations ( Figure 3B ). There were significant increases in relative Aggrecan, Collagen 2A and SOX9 gene expressions (P<0.05), which were VEL-0230-concentration dependent ( Figure 3C ).
Effect of CatK inhibition on osteogenic potential of equine BMDMSCs
The induced BMD-MSCs formed osteoblasts were stained positive for von Kossa ( Figure 4A ) and Alizarin Red-S ( Figure 4B ). There was a significant increase in both von Kossa and Alizarin Red-S staining scores due to CatK inhibition at a VEL-0230 concentration of 10 and 100 μM (P<0.05), compared to the other experimental conditions ( Figure 4C ). There were significant increases in relative alkaline phosphatase, osteopontin, and RUNX2 gene expressions (P<0.05), which were VEL-0230-concentration dependent ( Figure 4D ). 
Figure 3 Effect of CatK inhibition on chondrogenic potential of equine bone marrow-derived mesenchymal stromal cells (BMD-MSCs
Discussion
For the first time, we characterized the spatial expression pattern of CatK protein in representative decalcified sections of equine weightbearing and non-weight-bearing bone. Cathepsin k was abundantly expressed in bone cells; osteoclasts and osteoblasts. Furthermore, we propose a novel regulatory function for CatK in bone marrow stem and progenitor cell differentiation. Besides retaining their differentiation capacities, ex vivo selected equine bone marrow stem and progenitor cells had significantly greater osteoclastogenic, chondrogenic and osteogenic differentiation potential under the effect VEL-0230, implying an inhibitory role for CatK. As hypothesized, CatK inhibition using VEL-0230 in concentrations comparable to what suppressed pro-inflammatory cytokines secretion by stimulated equine bone marrow cells in our previous study [9] , has significantly altered the differentiation potential of these cells along the three main cell lineage of the skeletal system in vitro. Owing to the close relation and tight integration between the immune and skeletal systems, multiple osteoimmunoregulatory molecules have been identified and reviewed [26] . For instance, macrophage colony-stimulating factor (M-CSF), receptor activator of nuclear factor-κB (NF-κB), RANKL, and tumor necrosis factor (TNF)-family cytokine are all examples for such molecules, which are expressed/secreted by immune cells and also regulate osteoclastogenesis. It is possible that CatK could similarly exert such regulatory roles in both immune response and skeletal system cell differentiation in vivo. Although limited evidence regarding CatK expression in immune cells such as macrophage and dendritic cells have been established so far [5, 27] , possible uptake by those and other immune and differentiating progenitor cells may occur through mechanisms of endocytic recycling which may explain such osteoimmunoregulatory of CatK [28] .
All osteoclasts and a moderate number of bone lining osteoblasts stained positive for CatK indicating abundance in bone and potential for influence on bone turnover in horses. While there were no differences in CatK staining intensity and percent CatK-positive cells of total cells between tuber coxae non-weight-bearing bone and first phalanx weight-bearing bone, there was a significantly greater number of osteoclasts per weight-bearing bone surface compared to the non weight-bearing bone. This is presumably due to the fact that weight bearing is an important factor influencing bone remodelling including the osteoclastic bone resorption phase in which CatK would play an important role [29] . Cathepsin K is the main collagenolytic proteinase secreted by osteoclasts in the boneresorbing state [4] . Although it has long been thought that osteoclasts are the only source of CatK, CatK expression was detected in other cell types in health and disease conditions [11-14, 16, 30, 31] . In this study, a relatively great percent of bone lining osteoblasts of healthy horses showed marked expression of CatK similar to what have been reported in human bone [15] and did explain in part the bone resorption activity of osteoblast-like cells that have been revealed in a previous report [32] . There is a continuous need for optimization of current and future anti-resorptive medications to minimize potential adverse effect on bone formation and promote dual bone antiresorptive anabolic effect [33] . Hence, the previous findings of our study highlighted the need for more research regarding the potential effect of different CatK inhibitors on bone formation and osteoblast function.
The results of the current study revealed increased osteoclastogenic, chondrogenic and osteogenic differentiation potential of equine bone marrow derived stem and progenitor cells in contact with CatK inhibitor. The increase in the osteoclastogenic differentiation P51 potential was only noted at the greatest concentration of VEL-0230 in culture media. Previous data has reported elevated levels of osteoclastogenesis in CatK-deficient mice possibly as a positive feedback of impaired bone resorption [34] . It is possible that a positive feedback loop could initiate osteoclastogenesis to compensate for the loss of CatK activity and the pause in bone resorption, the later which was not investigated in our study. While these data may suggest that CatK inhibition, as an antiresorptive therapeutic approach, may be overridden by the up-regulation of osteoclastogenesis, the clinical relevance of such outcome might be influenced by effects on the primary osteoclast progenitor cell population in vivo and also the therapeutic drug dose. In the current study, VEL-0230 was used in vitro in concentrations greater than the maximum plasma concentration achieved in vivo after drug administration in our previous studies. VEL-0230 was used in a mass concentration of 0.3 μg/ml of culture media to achieve the lowest molar concentration of 1μM. However, the maximum plasma concentration of VEL-0230 did not exceed 0.1μg/ml, achieved using an oral dose regimen of 4mg/kg of body weight q7 days in healthy exercising horses, and by which resulted in a marked decline in bone resorption without altering the number of osteoclasts as confirmed by TRAP staining of bone biopsies and subsequent analysis [8, 10] .
Cathepsin K inhibition in vitro significantly up-regulated the differentiation potential of BMD-MSCs towards the chondrogenic and osteogenic pathways in a VEL-0230-concentration dependent manner, implying a causal relationship. These data may provide relevance into the clinical efficacy of CatK inhibition on bone and cartilage and suggest potential anabolic effects of this particular antiresorptive approach on bone and cartilage regeneration. It has been concluded that osteoclast specific CatK deletion stimulates S1P-dependent bone formation [35] . The coupling between bone resorption and formation has been established and could account, in part, for the lack of, or decrease in, osteoblastic activity due to other anti-resorptive administration [36] . However, our previous research using repeated VEL-0230 dosing in horses did reveal a significant increase in bone formation biomarkers [10] and agreed with other research utilizing different CatK inhibitors, which reported maintained or increased bone formation due to therapeutic inhibition of CatK [37] [38] [39] [40] .
Our current study provided important findings and additional data for the therapeutic inhibition of CatK, which may be relevant to the clinical use of VEL-0230 in horses. Bisphosphonates, a major antiresorptive class of drugs, have gained popularity in veterinary medicine with wide range of therapeutic applications in equine musculoskeletal disorders that are associate with increased bone resorption/inflammation [41] . However, multiple reports have elucidated the off-target effect of bisphosphonates administration and in vitro cell culture treatment on osteoclastogenesis as well as motility, viability and osteogenic differentiation of osteoblast progenitors, which in turn resulted in over suppression of bone turnover and formation, leading to osteonecrosis [42] [43] [44] [45] .
Conclusion
We concluded that the use of CatK inhibition over other current systemic, local, or regional treatments to moderate bone resorption and inflammation in equine osseous disorders would not be anticipated to interfere with the stem and progenitor cells regenerative and differentiation capacities and may offer advantages that would require further study.
